Bulk manganites of the form La 5/8−y Pr y Ca 3/8 MnO 3 (LPCMO) exhibit a complex phase diagram due to coexisting charge-ordered antiferromagnetic (CO/AFM), charge-disordered paramagnetic (PM), and ferromagnetic (FM) phases. Because phase separation in LPCMO occurs on the microscale, reducing particle size to below this characteristic length is expected to have a strong impact on the magnetic properties of the system. Through a comparative study of the magnetic and magnetocaloric properties of single-crystalline (bulk) and nanocrystalline LPCMO (y = 3/8) we show that the AFM, CO, and FM transitions seen in the single crystal can also be observed in the large particle sizes (400 and 150 nm), while only a single PM to FM transition is found for the small particles (55 nm). Magnetic and magnetocaloric measurements reveal that decreasing particle size affects the balance of competing phases in LPCMO and narrows the range of fields over which PM, FM, and CO phases coexist. The FM volume fraction increases with size reduction, until CO is suppressed below some critical size, ∼100 nm. With size reduction, the saturation magnetization and field sensitivity first increase as long-range CO is inhibited, then decrease as surface effects become increasingly important. The trend that the FM phase is stabilized on the nanoscale is contrasted with the stabilization of the charge-disordered PM phase occurring on the microscale, demonstrating that in terms of the characteristic phase separation length, a few microns and several hundred nanometers represent very different regimes in LPCMO.
I. INTRODUCTION
Mixed phase manganites of the form R 1−x M x MnO 3 (R =
26
La, Pr, Nd, Sm and M = Sr, Ca, Ba, Pb) are strongly 27 correlated systems in which competing interactions give rise 28 to a variety of interesting phenomena, 1 including colossal 29 magnetoresistance (CMR) 2 and a large magnetocaloric effect 30 (MCE). 3 First gaining attention in the 1950's, 4 manganites 31 continue to excite interest in the scientific community from 32 the standpoint of both application and basic understanding.
5-7 33
The push for energy-efficient magnetic refrigeration based 34 on a MCE has gained momentum in recent years, fueling 35 further research into complex magnetic oxides. 3, 6, 7 Among 36 the most intriguing properties exhibited by the manganites is 37 the occurrence of spatial separation between regions of distinct 38 magnetic ordering. [8] [9] [10] The sensitivity of such phase-separated 39 systems to a variety of parameters including electric and 40 magnetic field, strain, doping, and particle size introduces 41 the potential for a large degree of tunability in magnetic and 42 structural properties. 23 Recently, the abrupt jump in magnetization 63 below T C has been attributed to the sudden growth of FM 64 domains within the charge-disordered PM phase rather than to 65 the destabilization of CO regions to FM ordering. 37 Therefore 66 the emerging picture incorporates three major coexisting 67 phases in the region T C < T < T CO : FM, CO, and PM.
68
In LPCMO and related compounds, strain plays an inte-69 gral role in the establishment of phase separation. 11,17,26-34 70 Previous investigations of mesoscopic properties in LPCMO 71 suggest that reduced dimensionality can impact the strain 72 landscape of the system. 17, 18, 27, 34 Podzorov et al. 17 found that 73 unaccommodated martensitic strain increased as the grain size 74 in polycrystalline LPCMO was reduced from 17 to 3 μm, 75 leading to the suppression of the metal-insulator transition 76 (MIT) and the stabilization of the PM charge-disordered 77 insulating (CD-I) phase. From a length scale comparable to 78 the phase separation length, the observations of Singh-Bhalla 79 et al. 34 crossed into the submicron regime in a study of 80 magnetoresistance in patterned thin film bridges ranging from 81 5.0 to 0.6 μm in width. Below 2.5 μm, discrete steps began 82 to emerge in the MIT and a downward shift in the transition 83 temperature was evident below 0.9 μm. The widest range 84 in sample dimension examined to date is found in a study 85 by Deac et crossed the ∼100 nm threshold, below which surface effects 92 dominate the physics of manganite nanoparticles. 39 With 93 the exception of our previous study on a closely related 94 composition, 40 we find that despite a wealth of available liter-95 ature on thin films, [26] [27] [28] [29] [30] [31] [32] [33] [34] 38 single-crystalline 16, 19, 22, 23, 25, 37 and 96 polycrystalline 11, 14, 15, 17, 18, 20, 21, 41, 42 forms of LPCMO, similar 97 work done on nanoparticles of the same compounds is still 98 lacking, although a reduction of particle size to well below the 99 characteristic phase separation length can be expected to have 100 a great impact on strain, and consequently on the magnetic 101 properties of the system. Adding an additional layer of interest, opposing surface-103 driven trends are observed in nanosized FM and CO 104 compounds. 39, 43, 44 For a material with an FM ground state, 105 the general trend upon reducing particle size to the nanoscale 106 is a decrease in magnetization. 44 Defects, nonstoichiometry, 107 and broken bonds near the surface contribute to spin disorder, 108 3 were 147 prepared using a sol-gel method. Precursor solutions of 148 lanthanum, praseodymium, calcium, and manganese nitrates 149 were mixed in stoichiometric ratios. Citric acid was added 150 to serve as a complexing agent of the metal ions, and the 151 pH of the solution was controlled by the addition of NH 3 . 152 The solution was stirred at 80
• C, and then dried at 120
• C 153 for a period of 24 h to obtain a gel. Calcination at 500
• C 154 was performed to remove the organic materials. The resulting 155 powder was then divided and annealed separately for 7 h 156 at 650, 850, and 1050
• C under the flow of oxygen gas to with a field step of 10 mT from 0 to 5 T, and a temperature 170 step of 10 K in the range 10-300 K.
171

III. RESULTS AND DISCUSSION
172 Figure 1 shows the XRD patterns of the nanocrystalline 173 samples and a representative TEM image of the 150 nm 174 sample. Structural refinements show that each sample belongs 175 to the orthorhombic Pnma space group with lattice parameters 176 reported in Table I . It can be seen that the unit cell volume 177 expands slightly with reduction in particle size, a phenomenon 178 that has been observed in other oxide systems, 52, 53 and can 179 be attributed to repulsion between unpaired surface electron 180 orbitals. On the other hand, calculations 54 show that the Mn-O-181 Mn bond angle (θ ) decreases from the ideal 180
• in the smallest 182 particles, concurrent with a switch to the O subtype of the 183 Pnma structure in which cooperative Jahn-Teller distortions 184 occur in addition to the tilting of the MnO 6 octahedra. 55 As 185 will be seen later, this structural shift occurs along with the 186 suppression of the CO phase. is stabilized and the particles align at high T , causing the 221 gradual increase in magnetization while the sharp jump at 222 lower T is characteristic of the largest bulklike particles. The 223 temperature at which the jump occurs shifts from ∼70 K 224 in the single crystal to ∼50 K in the nanoparticles as the 225 increased strain necessary to maintain phase separation in a 226 small particle inhibits the sudden growth of the FM domains. 227 As a general trend, we observe that the particles approach FM 228 behavior as size is reduced. The relative size of the jump is 229 reduced from 86% of total magnetization in the single crystal 230 to 30% in the 400 nm particles and finally 8.5% in the 150 nm 231 particles. From Fig. 2(d) , only the signature of single-phase FM 232 ordering is evident in the M-T curves of the 55 nm particles. 233 The trend of stabilization of the FM phase on the nanoscale 234 contrasts with what occurs on the microscale (Podzorov et al. showed that charge-disordered PM became dominant with 236 grain size reduction on the microscale), demonstrating that 237 in terms of the characteristic phase separation length, several 238 hundred nanometers represents a very different regime from 239 the microscale in LPCMO.
240
To examine these features in depth, isothermal magneti-241 zation curves were taken at temperatures between 10 and 242 300 K with a 10 K interval (Fig. 3 Table II particles increase monotonically with field near T C , as would 345 be expected in a conventional ferromagnet. It can be seen 346 that the high field data of Fig. 7(a) Fig. 8 ) . Figures 8(a)-8(c) show 359 the configuration of the phases in the single crystal at various 360 temperatures. Below the Néel temperature, the sample is sep-361 arated into microscale CO/AFM and PM regions [ Fig. 8(a) ]. 362 As temperature is reduced further, FM domains nucleate and 363 develop slowly within the PM phase [ Fig. 8 
